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Polymer/nanoparticles composites are rapidly developing functional
materials attractive for a large variety of applications in the ﬁelds of pho-
tonics, sensorics, biotechnologies, etc. [1]. Polymers, loaded with semi-
conductor nanoparticles (NPs), acquire additional features obtained
from combining intrinsic advantages of polymers with size-dependent
properties of NPs. In particular, nanocomposite CdS/polyvinyl alcohol
(PVA) is the subject of increasing interest. PVA is a widely used polymer;
its numerous applications range from textile and metallurgical in-
dustry to medicine and ﬁne biotechnologies [2]. It is colorless, ﬂexi-
ble, low-cost, and bio-degradable. This polymer provides a stable
matrix to host nanocrystals and, being transparent in the visible
range, is suitable for various optical studies and applications. As a
part of the composite, CdS NPs allow wavelength tuning of visible
light emission that makes the material a promising candidate for ap-
plications in light-emitting devices.
In view of the described attractive features, the system CdS/PVA
has been extensively studied using photoluminescence (PL) spec-
troscopy that was proved to be one of the most convenient methods
for this purpose; see, e.g. [3,4]. The majority of previous studies were
focused on intrinsic PL of NPs while only few papers discussed the
participation of the host polymer in the processes of light emission
and excitation [5,6]. However, it should be noted that the PVAmatrix
is not a mere support for NPs. While the intrinsic highest occupied
molecular orbital (HOMO)-lowest unoccupied molecular orbital
(LUMO) gap of the pure PVA corresponds to the ultraviolet C range,
commercially available materials always contain some amounts ofUkraine. Tel.: +38 44 5258303.
rights reserved.radicals and chromophore groups. These imperfections can absorb
and emit light in the long-wave ultraviolet A or even in the visible
ranges [7–9] and, thus, can contribute to the overall optical properties
of the composite.
In the present work we study the participation of the polymer ma-
trix in the PL emission of the CdS/PVA nanocomposite as a whole. For
this purpose we have chosen two excitation wavelengths which, on
the one hand, provide excitation of either the lowest or very high ex-
cited states in NPs, and on the other hand, are absorbed by different
chromophore groups in the polymer.
2. Experimental details
2.1. Synthesis of the CdS/PVA composite
Colloidal CdS NPswere synthesized in a water solution of PVA (with
nomore than 4 wt.% of acetate groups, pH 5–8) using CdCl2 andNa2S as
precursors for particles growth. Molecules of PVA served as capping
agents that restricted the size of NPs during the growth. Concentrations
of CdCl2 and Na2S salts in the solution, its pH values, and sequences of
synthesis steps can be found in [10]. All synthesis steps were performed
under ambient conditions.
The method yielded colloidal solutions of CdS NPs that were further
used to form solid nanocomposite ﬁlms by drying in a pressure-tight
vessel that contained an absorbent. The temperature of drying was
300 K.
2.2. Characterization techniques
Optical absorption measurements were carried out at 300 K using a
deuterium lamp DDS-30 and a MDR-23 monochromator. PL emission
Fig. 2. Optical absorbance spectra of the unloaded PVA, nanocomposite CdS/PVA and
bulk CdS crystal. The arrows indicate the wavelengths used for PL excitation.
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at two wavelengths — 250 nm (4.96 eV) and 415 nm (2.98 eV). The
pulse repetition rate was 80 MHz. Time-integrated PL spectra as well
as luminescence decays were recorded at 200 K using a streak-camera
system equipped with a 0.5 m monochromator. The response time of
the system was about 20 ps. During the PL measurements the samples
were kept in chemically inert helium atmosphere. The temperature of
measurements was 200 K. This temperature was low enough to prevent
temperature quenching of a red PL band of NPs [11].
Transmission electron micrographs (TEM) were recorded using a
high resolution FEI Tecnai G2 200 keV FEG instrument. TEM samples
were prepared by deposition of colloidal particles suspended in etha-
nol on 200 mesh copper grid.
3. Experimental results
3.1. Nanoparticles size
Fig. 1 shows, as an example, the representative transmission elec-
tron micrograph of CdS nanoparticles. It is seen that NP sizes are quite
dispersed and that the NPs are not spherical. The average diameter of
nanoparticles is equal to 5.4 ± 0.4 nm.
3.2. Absorption of PVA and CdS/PVA
Fig. 2 shows absorbance spectra measured within the ultraviolet–
visible spectral range from the unloaded host polymer, nanocomposite
CdS/PVA and single crystalline CdS. All structures have similar thick-
nesses of 100 ± 10 mkm. It is seen that the HOMO–LUMO absorption
edge of PVA lies at much higher energies than the absorption edge of
the composite. Keeping inmind that the absorption edge of the compos-
ite is predominantly determined by light absorption in CdS nanoparticles
that are embedded in PVA one can state that the polymer matrix pre-
sents a conﬁning potential for charge carriers within the CdS NPs (to
be discussed below, see Fig. 5). This statement is further supported by
the observation that the absorption edge of CdS/PVA lies at higher
energies as compared with the one of bulk CdS. These point to the
conﬁnement-related increase of the band gap in the semiconductor
NPs. Due to the wide dispersion and non-spherical shapes of NPs,
no distinct absorption peaks from the CdS NPs can be resolved in
the absorbance spectrum of CdS/PVA.Fig. 1. Transmission electron micrograph of CdS nanoparticles.Two wavelengths, i.e. 250 nm and 415 nm, were chosen for the PL
excitation as marked by the arrows in Fig. 2. The former lies at the
high-energy edge of the absorption band of carbonyl groups in the
unloaded PVA (centered at ~280 nm [12]) and also corresponds to
strong absorption into the higher laying excited states of the CdS NPs.
The latter matches absorption transitions between the ground and low
laying excited states of the CdS NPs and a weak absorption background
of the unloaded PVA.
3.3. Time-integrated PL
Fig. 3 shows time-integrated PL spectra of PVA (a) and nano-
composite CdS/PVA (b) measured at two excitation wavelengths (415
and 250 nm). At both excitations, a single PL band is observed for the
unloadedPVAmatrix (Fig. 3a). The PLmaximumposition shifts, however,
from 450 nm to 515 nm when the excitation wavelength (λexc) is
changed from 250 nm to 415 nm. The spectrum of the nanocomposite,
on the other hand, consists of two PL bands (Fig. 3b) in the green and
red spectral ranges, and no traces of the polymer emission are seen. Spec-
tral positions of both PL bands and their relative intensities donot depend
on λexc, which implies that the same radiative centers are responsible for
the emission observed at both excitations.
The observed spectrum is quite common for CdS nanocrystals
[11,13–17] and has been observed for CdS NPs in various media, such
as colloidal solutions, various polymer matrices (including PVA), and
glass.
The “green” and “red” PL bands in colloidal nanoparticles are typically
ascribed to the emission of shallow [18,19] and deep traps [15], although
the exact origin of these bands remains unclear. Our time-decay results
(see Fig. 4b, c) support the opinion that these PL bands have different or-
igins because the characteristic PL decay times differ by orders of magni-
tude. Thus, inwhat followswewill regard these bands as being from two
different sets of levels related to NPs.
3.4. PL decays
Fig. 4 shows experimentally measured decays of the PVA emis-
sion (a) as well as of the “green” (b) and “red” (c) PL bands in the
nanocomposite CdS/PVA (the solid lines). It is seen that, in general,
the change of the excitation wavelength causes opposite trends in
the PL decays in two materials. Speciﬁcally, whereas an average decay
rate increases in PVA when the excitation wavelength is changed from
250 to 415 nm, the decays become slower in the CdS/PVA under the
same change of λexc. It should be noted that the shape of the PL bands
both in PVA and CdS/PVA does not change during the decay.
Fig. 3. Time–integrated PL spectra of the unloaded PVA (a) and CdS/PVA (b). The spec-
tra are normalized to the same peak intensity, T = 200 K, P = 5 mW.
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unloaded PVA measured at λexc = 250 nm is mono-exponential with
a characteristic time of 4.4 ± 0.1 ns, as shown by the dashed line
in Fig. 4a. The transient behavior of PVA at λexc = 415 nm has a
multi-exponential character. An average decay time of this multi-
exponential process estimated as the time when the PL intensity de-
creases by e times is equal to 1.0 ± 0.1 ns.
The decay curves for the “green” band of CdS/PVA can be ﬁtted
(dashed lines) by bi-exponential functions in the form I(t) =
a1e
−t/τ1 + a2e−t/τ2, where I(t) is the time-dependent PL intensity,
and τ1 and τ2 are the lifetimes of two components with relative intensi-
ties of a1 and a2. For λexc = 250 nm the bestﬁt to the experimental dataFig. 4. Decays of the PVA emission (a), as well as of the “green” (b) and “red” (c) PL bands in
whereas the dashed lines are the ﬁtted curves with the ﬁtting parameters as discussed in t
semi-logarithmic scale.was obtained by using the following parameters: τ1 = 0.60 ± 0.03 ns,
τ2 = 8.5 ± 0.4 ns, a1 = 0.90 ± 0.05, and a2 = 0.23 ± 0.01. The char-
acteristic decay times remain practically the samewhen λexc was tuned
to 415 nm, i.e. τ1 = 0.60 ± 0.03 ns, and τ2 = 8.1 ± 0.4 ns. On the
other hand, the prefactors a1 and a2 need to be changed to a1 =
0.60 ± 0.03, and a2 = 0.66 ± 0.04. Thus, different transient behavior
of CdS/PVA at two excitations ismainly caused by different contributions
of the fast and slow decay processes to the overall decay and the relative
contribution of the slow processes is larger when λexc = 415 nm.
The “red” band of CdS/PVA (Fig. 4c) exhibits a very long decay. The
estimated decay time is by orders of magnitude longer than the one
for the “green” band. Therefore no changes can be detectedwith our ex-
perimental setup under the variation of λexc and only one decay curve is
presented in Fig. 4c. This emission will not be further discussed in the
paper.
4. Discussion
The obtained results allowus to propose a detailed schemeof the ab-
sorption and emission transitions in the unloaded PVA and CdS/PVA
composite as shown schematically in Fig. 5. In this scheme positions
andwidths of energy levels, aswell as lengths of the arrowswhich indi-
cate the excitation and PL processes are scaled in accordance with
reported and our experimental data. The energy position of the LUMO
of PVA relative to the vacuum level is chosen in accordance with [20].
The valence band edge of bulk CdS is depicted based on an electron af-
ﬁnity value taken from [21]. The energy position of the conduction band
edge of CdS is shifted by ~0.34 eV to the higher energy as compared
with that in bulk CdS, to account for the experimentally observed shift
of the absorption edge in CdS NPs due to quantum conﬁnement effects.
The scatter of this state energy due to the statistical distribution of NPs
sizes is ignored. Quantization of holes energy is neglected since the ef-
fective mass of hole in CdS is ~4 times larger than that of electron. The
justiﬁcation for this model is given.
In the unloaded PVA (Fig. 5a) the absorption of light with λexc =
250 nm causes the transitions between HOMO and LUMO states of car-
bonyl groups and gives rise to the emission band characterized by a
large Stockes shift. The decay of this emission is single-exponential
(Fig. 4a) which points to the participation of only one type of centers
in the radiative recombination process, presumably, carbonyl-related
chromophore groups [22].
Excitation light with λexc = 415 nm is absorbed by the unloaded
PVA within very weak absorption continuum (Fig. 2). According to
K. Maruyama [9] the only irregular chain fragments of PVA that have
electronic transitions in this spectral range are polyenes. However,
due to very low concentration of the species responsible for the absorp-
tion in this range it was not possible to unambiguously identify them.
Despite theweak absorption, the excitation at λexc = 415 nmproducesthe nanocomposite CdS/PVA. The solid lines are the experimentally measured PL decays
he text. All decays are normalized to the same peak intensity and are displayed in the
Fig. 5. Energy diagram of the transitions in PVA (a) and CdS/PVA composite (b).
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that likely reﬂects participation of many different light-emitting species.
In the CdS/PVA composites the absorption and emission processes
(Fig. 5b) are deﬁned by both constituents of the composite and their in-
teractions. The absorption of light with λexc = 250 nm occurs both in
the matrix and in CdS NPs (transitions to very high excited states).
Light with λexc = 415 nm, on the other hand, can cause both the exci-
tation of absorbing species in PVA and the transitions to the lower-lying
excited levels within CdS NPs (Fig. 5b). Taking into account that no
polymer-like emission is seen in the PL spectra of the composite
(Fig. 3b) one can conclude that the light-emitting processes occur pre-
dominantly within the CdS nanoparticles, i.e. that the NPs provide the
alternative de-excitation channel for the matrix.
Excitation–emission processes in the composite can be further un-
derstood by analyzing decays of the “green” emission measured under
different λexc. We note, that based on the results of the performed ab-
sorption measurements (Fig. 2), the fraction of light absorbed within
the CdS NPs depends on λexc and is higher for λexc = 250 nm. It is,
therefore, reasonable to assume that the decay of the “green” emission
measured under 250 nm excitation will be largely determined by the
intrinsic absorption and emission processes that occur solely within
the CdS NPs. From Fig. 3a, these processes should be responsible for
the faster PL decay with τ1 ≈ 0.6 ns. The second component of the PL
decay can then be interpreted as a result of excitation transfer from
the polymeric matrix to NPs. Due to this external feeding, the emission
of NPs lasts longer and decays with the characteristic time τ2 ≈ 8.1–
8.5 ns. An efﬁciency of the transfer itself may also change with λexc.
For example, if the transfer requires initial energy relaxation, some of
the excitation energy may be lost via non-radiative recombination.
These losses are expected to be higher for shorter excitation wave-
lengths when a larger portion of the excitation energy must be dis-
sipated within PVA.
Different transfer mechanisms can be discussed as a possible origin
of the excitation of NPs via the polymer matrix. One is the drain of
photogenerated excitons from the polymer to the nanoparticles. This
mechanism is quite possible in the proposed energy scheme (Fig. 5). In-
deed, since the energy levels of the CdSNPs liewithin theHOMO–LUMO
gapof the polymer they can readily capture both photoexcited electronsand holes. Another mechanism is energy transfer due to either
re-absorption or dipole–dipole interaction of the Forster type [23].
In the case of λexc = 250 nm the condition of the Forster-type trans-
fer is easily fulﬁlled since there is a spectral overlap between the
emission band of the energy donor (polymermatrix) and the absorption
band of the energy acceptor (NP). However, at λexc = 415 nm the
spectral overlap is reduced which couldmake the transfer less efﬁcient.
To distinguish among all possible mechanisms of energy transfer
further studies are necessary and are currently in progress.
5. Conclusions
Participation of the polymer matrix in the light absorption and
emission processes of the CdS/PVA composite is analyzed employing
the time-resolved PL spectroscopy. We show that decays of the PL
emission from the CdS NPs embedded in the composite critically de-
pend on the excitation wavelength. This behavior is ascribed to the
interplay between the intrinsic NPs excitation and extrinsic feeding
of the NPs via energy transfer from the excited polymer matrix. Pos-
sible mechanisms of the observed energy transfer are also discussed.
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